Abstract The return of slurry is the most important means of fertilization in grassland dairy farming. Broadcast application of slurry induces air pollution by ammonia. Alternatives to broadcast application like sliding shoe or injection have therefore been introduced. These alternatives might, however, cause higher N losses by nitrate leaching because N prevented from volatilization may not completely be utilized for dry matter production. Information on the interactive effects of amount of N input and slurry application technique on nitrate leaching from productive organic-sandy soils are still scarce. Therefore, we tested the hypothesis that slurry application by sliding shoe or injection leads to larger NO 3 -N losses via leaching than broadcast application. In a 4-year experiment on cut grassland, we applied N at 0, 160, 240, and 320 kg ha −1 year −1 using four application techniques: in the form of a chemical-synthetic N fertilizer or as cattle slurry applied broadcast, by sliding shoe or shallow injection. We assessed nitrate leaching during winter using suction cups. Additionally, we determined herbage dry matter yields, N offtake, and soil mineral N content to compile N balances for the individual treatments based on these data. Our results show that nitrate leaching during winter did not differ significantly among treatments of N application technique. Nitrate leaching increased significantly with increasing amount of N input, but was on average lower than 16.5 kg N ha −1 for application rates of up to 320 kg N ha
Introduction
In north-western Europe, there has been a continuing trend towards the concentration of dairy farming in grasslanddominated regions (Osterburg et al. 2010; Smit et al. 2008 ). On cattle farms, the return of manures, often in the form of slurry, is the most important way of supplying nutrients to grasslands.
For reasons of water protection, annual N returns in manures are restricted to 170 kg N ha −1 (European Union Nitrates Directive, 91/676/EEC1). However, in regions with high livestock densities, slurry production per hectare pastureland greatly exceeds this value. Therefore, an extension of up to 250 kg N ha −1 is being discussed for grassland and in some cases granted as a derogation. Generally, mown grassland shows leaching of merely 2-10 % of the N applied up to fertilizer application rates of 250 kg N ha −1 (Garwood and higher than those from chemical-synthetic fertilizer under similar conditions (Benke 1992; Jarvis et al. 1987 ).
There are some general implications with slurry application: cattle slurry comprises N in organic and in inorganic form, mainly as ammonium, to almost equal proportions. The ammoniacal N is readily available for plant uptake but susceptible to ammonia volatilization and/or denitrification (Bussink and Oenema 1998; Whitehead 1995; Garwood and Ryden 1986) . Only a proportion of the organic form is mineralized in the year of application, but regular applications may produce a cumulative effect on the amount of N mineralized during successive years (Gutser et al. 2005; Schröder et al. 2005) .
To reduce gaseous losses after application of cattle slurry, application techniques like sliding shoe and injection have been introduced as alternatives to broadcast application (Misselbrook et al. 2002; Javis and Pain 1997) . These techniques should provide potential for improving the N use efficiency. However, they might also increase the risk of nitrate leaching as N prevented from volatilization may not completely be utilized for dry matter production.
Nitrate leaching is influenced by many factors including the amount and the type of fertilizer applied, the soil type, water regime, sward age, and weather. On free-draining sandy soils, apart from gaseous losses immediately after application, leaching during winter is the most important pathway for nutrient losses, while denitrification plays a minor role (Whitehead 1995) . On productive, sandy soils with a relatively high content of organic matter and a high mineralization potential, however, little is known about the effect of different slurry application techniques on nitrate leaching.
In this paper, we follow the hypothesis that in productive grasslands on organic-sandy soils slurry application techniques that reduce gaseous losses lead to larger leaching losses. To address this hypothesis, we conducted a 4-year experiment on cut grassland on an organic-sandy soil in northwest Germany.
Materials and methods

Site
The experimental site was located in the county of Cloppenburg, state of Lower-Saxony, northwest Germany (52°56′44″ N, 7°50′17″ E). The original soil type can be described as a Gleyic Podzol (WRB) (~Typic Haplaquod, Soil Taxonomy) covered with a relatively shallow layer (0-50 cm) of degraded peat (high-moor) which had been converted into an Anthric Podzol (WRB) by deep-ploughing during the 1970s. The texture of the topsoil was sand to loamy sand with on average 87 % sand (50 % fine sand), 11 % silt, and 2 % clay and a dry bulk density of 1.41; volumetric water content at field capacity was on average 20.8 %. The groundwater level was at 150-200 cm depth. From 1975 to 1991, the experimental site had been used as arable land with regular ploughing and input of organic fertilizer (120-160 kg total N ha −1 ) which resulted in a distinct and entirely mixed topsoil with sufficient contents of the main plant available mineral nutrients of lactate-soluble P and K of 198 and 56 mg kg −1 , respectively, and a pH (CaCl 2 ) of 5.3. The average total C content was 2.7 %, the total N content 0.15 %, and C/N ratio 18:1 (n=24, 0-20 cm).
In 1991, the site was sown with a standard grass mixture that did not contain white clover. The established sward consisted mainly of Lolium perenne and to a lesser extent of Phleum pratense, Festuca pratensis, Poa trivialis, Elymus repens, and Taraxacum officinale.
Meteorological data were obtained from a station of the German Weather Service (DWD) in Friesoythe-Altenoythe, which was within a 12 km range from the experimental site. Evapotranspiration was calculated following a procedure proposed by Haude (DVWK 1996) . The 4-year-average for the period of May to April (long-term average in brackets) amounted to 730 mm (783 mm) of precipitation, a mean daily temperature of 9.4°C (8.7°C), and 231 mm (265 mm) of water leached from November to April. Apart from the second winter, which was exceptionally cool and dry (Table 1) , winter seasons of the other years were relatively mild with average to high rainfall. In year 3, the summer was colder than in the other years and precipitation was below average except in August and October with above-average precipitation and several incidents of strong rainfall.
Experimental design
The experiment had a two-factorial split-plot design. The main factors were N application technique (n=4: N applied in the form of chemical-synthetic fertilizer, calcium ammonium nitrate, or as cattle slurry applied broadcast, by sliding shoe or by injection; whole plots) and the subordinate factor was N application rate (n=4: 0, 160, 240, and 320 kg N ha −1 ; subplots). Treatments were repeated four times (block) and subplot size was 72 m 2 . Fresh cattle slurry was obtained from one dairy farm during the whole of the experiment. Slurry dry matter content was approx. 6 %, N content was on average 3.4 kg m , and the average proportion of NH 4 -N in cattle slurry was 60 % of the total N content. Total N content of slurry was determined prior to each application date and samples were later analyzed for NH 4 , P, and K. The experiment was conducted over a period of 4 years from 1994 to 1998; parts of the experiment were extended to 6 years. For comparison, some 6-year data are presented where appropriate.
Chemical-synthetic N fertilizer and slurry application
In both the treatments receiving chemical-synthetic N fertilizer (calcium ammonium nitrate) and those receiving slurry, the annual total N fertilization was applied in multiple doses of 80 kg N ha −1 . For 320 kg N ha −1 (N320), a total of four applications were made: the first one in early spring (March) and additionally one application each after the first, second, and third cut; for 240 kg N ha −1 (N240) and 160 kg N ha −1 (N160), applications were made in spring, after the first and second cut, and in spring and after the first cut, respectively. Every year, P and K were added in mineral form to the plots that did not receive N fertilization (N0) and to those that received N as calcium ammonium nitrate (CAN). All N0 plots received 166 kg K ha −1 and 24 kg P ha −1 in mineral form as KCl or triplephosphate; this was the case for CAN160 as well; CAN240 and CAN320 received 300 kg K ha −1 and 48 kg P ha −1 in two dressings. For the plots receiving slurry treatments, the cattle slurry applied as N fertilizer was also the source of P and K. Inputs of K and P with cattle slurry amounted on average to 213 kg K ha −1 and 38 kg P ha
, to 320 kg K ha −1 and 57 kg P ha
, and to 426 kg K ha −1 and 76 kg P ha −1 for N160, N240, and N320, respectively.
Cattle slurry was applied broadcast by splash plate, by sliding shoe, or by open slot shallow injection (depth max. 5 cm) with a tractor-attached experimental device that comprised application parts from slurry tanks used in practice (Fig. 1) . Chemical-synthetic N fertilizer was applied broadcast by a pneumatic fertilizer spreader. On the N0 plots, the same machinery operations (trafficking, injection slits) were performed at three of the maximum four treatment dates, but no fertilization was applied.
Sampling
The sward at the experimental site was mown four times per year and herbage dry matter yield was determined from an area of 10 m 2 per subplot. Herbage was oven-dried at 60°C after sampling, ground to <1 mm, and analyzed for dry matter content at 105°C. Total N content of plant material was determined using an automated N analyzer macro N (Heraeus). Nitrogen offtake was calculated from dry matter yield and total N content of herbage.
Soil P and K content were quantified by extraction from soil samples following the double lactate method which uses 0.02 M Ca lactate and 0.02 M HCl (pH 3.6) for extraction from 5 g dry soil. The filtered extracts were analyzed for P with an EPOS 5060 autoanalyzer (Eppendorf, Hamburg, Germany) and for K with an atomic absorption spectrometer (AAS, Varian SpectrAA300). Soil pH was determined in a 0.01 M CaCl 2 solution, total C content by means of an infrared-cell in a LECO SC 444 analyzer (Leco Ltd.), and total N content was analyzed by an automated N analyzer macro N (Heraeus). All subplots were sampled in autumn and spring of each year to assess the soil mineral N content in 0-90 cm: three to four soil cores per subplot in layers of 30 cm were bulked to give one sample per layer and subplot. For soil mineral N content determination, NO 3 and NH 4 were extracted from a 150-g soil sample with 600 mL of 0.0125 M L −1 CaCl 2 . Filtered extracts were analyzed for NO 3 -N and NH 4 -N photometrically with an EPOS 5060 autoanalyzer.
A permanent vacuum-controlled suction cup system with three cups per subplot was installed at 75 cm depth in every subplot to sample leaching water during winter. The suction pipes connecting the suction cups and sampling bottles were laid about 20 cm below ground and allowed unrestricted field management including slurry injection. Water from suction cups was continuously collected and stored until sampling in 1 L brown bottles placed in closed crates below the soil surface. Samples for laboratory analysis were collected from each bottle weekly or fortnightly during the leaching period from approximately mid-October to end of April. A permanent suction of 0.25-0.35 bar was applied by a pressurecontrolled vacuum pump. This relatively low suction was chosen to avoid changes in the soil structure and hydrology near the suction cups.
Nitrate leaching was calculated as the product of the NO 3 -N concentration in the samples from suction cups and the amount of water percolating through the profile at a given time. We assumed that after the soil water content had reached field capacity in autumn, daily drainage equaled precipitation minus potential evapotranspiration (DVWK 1996) . The sum of the NO 3 -N leaching for all sample dates while percolation occurred gave a total NO 3 -N loss over winter.
The apparent N recovery was calculated as
with N offtake being the N content of herbage×herbage dry matter yield at the respective level of annual N application rate (Nx) and in the subplot receiving no N fertilization (N0). The N fertilizer replacement value of slurries was calculated as the ratio of the apparent N recovery of slurry to that of chemicalsynthetic fertilizer. Effective surplus was calculated following Schröder et al. (2010) Plots with N application in the form of chemical-synthetic fertilizer and with cattle slurry applied by sliding shoe were maintained and sampled for 6 years in total and the results then used to supplement the calculation of apparent N recovery.
Statistical analyses
Statistical data analysis was carried out using the Genstat 6.2 software package. Analysis of variance (ANOVA) considered two factors in a split-plot design with four replications. To consider the effect of four consecutive experimental years, we applied the procedure "Arepmeasure" in Genstat which can be used to generate an ANOVA for repeated measurements, estimating and applying an adjustment factor for the degrees of freedom (Payne 2002) . The error term was devised to represent the hierarchical experimental design with nested random effects of block, main plot, subplot, and year. Year was included in the ANOVA as a fixed effect. The following df (degree of freedom) correction factors for time were applied in ANOVA of the individual response variables: 0.9576 for dry matter yield, 0.7438 for N offtake, 0.8523 for soil mineral N content, and 0.8124 for nitrate leaching. Least significant differences, which are the standard errors of differences between means multiplied by the t statistic for the degrees of freedom of the standard error, were used to compare means. We checked the assumptions of the statistical models using residual plots as described in McConway et al. (1999) . Data on soil mineral N content were square root transformed and data on nitrate leaching were transformed by natural logarithm for analysis.
Results and discussion
In the present experiment, we examined the effects of the factors application technique of N fertilizer and rate of N application on nitrate losses in leaching water during winter under cut grassland on an organic-sandy soil. We further assessed herbage dry matter yield, N offtake with herbage, and residual soil mineral N content in autumn, and analyzed the effect of the experimental factors on these parameters. We finally used these parameters to derive N balances in individual treatment combinations of rate of N application and N application technique.
Results of the ANOVA revealed that the rate of N application had a highly significant (p<0.001) effect on nitrate leaching during winter. In contrast, N fertilizer application technique did not have a significant effect on nitrate leaching. There was a significant interaction of the factors N application technique and rate of N application for nitrate leaching (p= 0.046).
In addition, the factor N application technique had a significant effect on herbage dry matter yield (p=0.004), and N offtake (p<0.001) with higher values in chemical-synthetic N fertilization than in slurry treatments, whereas there were no significant differences in soil mineral N content in autumn among the treatments of N application technique. The rate of N application had a significant (p<0.001) effect on herbage dry matter yield, N offtake, and soil mineral N content. There was a significant interaction of the factors N application technique and rate of N application for herbage dry matter yield and N offtake (p<0.001).
Year had a significant (p<0.001) effect on all of the measured parameters. The interaction of year and N application technique was significant for dry matter yield and N offtake (p<0.02) while the interaction of year and rate of N application was significant for herbage dry matter yield, N offtake (p<0.001), and nitrate leaching (p=0.03).
On the basis of these results, we rejected the hypothesis that in productive grasslands on sandy soils, slurry application techniques that reduce gaseous losses (injection; application by sliding shoe) lead to larger losses of nitrate by leaching.
Nitrate leaching
Nitrate leaching during winter was generally very low and on average amounted to 5-16 kg N ha −1 for N0 to N320. Differences among N fertilizer application techniques, including chemical-synthetic fertilizer, were marginal (Table 2 ). In chemical-synthetic N fertilization and slurry injection, leaching tended to be lower in N160 than in N0; in slurry applied by sliding shoe, this effect was significant. Possibly, this can be explained by a denser and, hence, distinctly more productive sward on the N160 compared to the N0 plots. At inputs of more than 240 kg N ha
, nitrate leaching increased with increasing N input. , respectively) and for the N320 treatment in slurry applied by injection (12.8 and 11.9 mg N L −1 , respectively). In year 4, average NO 3 -N concentrations were 10.8, 11.4, and 10.1 mg N L −1 for slurry applied broadcast, by sliding shoe and injection, respectively. Averaged over all years and N fertilizer application techniques, NO 3 -N concentrations amounted to 3.2, 2.7, 4.2, and 7.7 mg L −1 for rates of N application of N0, N160, N240, and N320, respectively. In mown grassland, leaching is known to amount to merely 2-10 % of the N applied for fertilizer application rates of up to 250 kg N ha −1 (Garwood and Ryden 1986) or 480 kg N ha Benke 1992) . In some years during our experiment leaching was less than 1.0-8.8 % of the total N applied. Schröder et al. (2010) found in a 2-year experiment that at N application rates of up to 340 kg N ha
NO 3 -N concentrations in groundwater did not exceed 11.3 mg L −1 on a wet sandy soil, whereas on a dry sandy soil all of the treatments did. Values obtained from sandy soils in our experiment range between those obtained from the wet and dry site of Schröder et al. (2010) . Wachendorf et al. (2004) found in a cutting-only system that NO 3 -N concentrations were less than 11.3 mg L −1 up to a total input of 350 kg N ha −1 on a peaty podzol dominated by coarse soil texture in northern Germany. Leaching losses from slurry applications on mown grassland need not necessarily be higher than those from chemical-synthetic N fertilizer under similar conditions (Jarvis et al. 1987; Garwood and Ryden 1986) . In the northeast USA, Stout et al. (2000) found leaching losses as low as 5.8 to 12.1 kg N ha −1 under orchard grass with slurry application rates of 0, 168, 336, and 672 kg N ha
. In this experiment, the total N and C in the soil (i.e., organic matter) had a greater effect on nitrate leaching than the slurry application did. Similarly, we found an increase in soil mineral N content with increasing total C and N in the topsoil in N0 plots and when N was applied. However, the effect of N input from fertilizers was greater than the effect of soil C and N (Kayser et al. 2004 ).
Herbage dry matter yield and N offtake
In a mown grassland system, nutrient removal with plant offtake plays a major role in nutrient cycling and is influenced by the rate of fertilizer application and weather conditions during spring and summer (Whitehead 1995) . The differences in herbage dry matter yield, N offtake, and nutrient losses among years can therefore be substantial (Ledgard 2001; Benke 1992) . Our data highlighted differences in dry matter yield among years; especially year 3 showed distinctively smaller yields which had been the result of a cool summer with high rainfall in August and October (Table 1) .
The average dry matter yields over the years for N0 plots were affected by the relatively large values in the fourth year (values not shown) that were due to an invasion of white clover in these plots. The levelling and only marginally increasing or even decreasing yields for the slurry treatments at N input ≥240 kg N ha −1 (Tab. 2) may, apart from the generally limited water resources in this course-textured soil, be explained by the experimental settings. Application of fertilizers was made in doses of 80 kg N ha
; for the N320 treatments, this meant four times of wheel traffic with possible damage to the sward (especially in slurry injection) and increased gaseous losses during summer (especially in broadcast application of slurry). According to other studies, a close to linear response of herbage yield of 20-30 kg dry matter per kg N up to fertilizer levels of 250-400 kg N ha −1 can be expected (Whitehead 1995; and references there) . Although the proportion of NH 4 -N in total N supplied with cattle slurry was only about 60 %, dry matter yield and N offtake in cattle slurry treatments were 80 and 73 %, respectively, those of calcium ammonium nitrate treatments for applications of 80-320 kg N ha . This implies that part of the organic N in the slurry had been mineralized from the first year onwards. Schröder et al. (2005) investigated the effects of long-term N supply from cattle slurry, and model calculations indicated that the N fertilizer replacement value of cattle slurry increased from approximately 55-60 % in the first application to approximately 80 % when continuously applied over 6-8 years. It has further been suggested that adding slurry to the soil enhances mineralization as a priming effect (Kuzyakov et al. 2000) . This may be applicable to our experimental field that had a history of manure applications over at least the previous two decades. The patterns of N offtake were similar to those described for dry matter yields but more pronounced (Table 2 ). In N0, the average N offtake amounted to 117 kg N ha 
Apparent N recovery
Apparent N recovery was greater for chemical-synthetic N fertilizer than for slurries and decreased with increasing N application rate (Table 3) , but did not exceed 75 % for mineral fertilizer (CAN240) or 67 % for injected slurry (N160). Recovery of N was better for slurry injection than for broad spreading or sliding shoe application and, consequently, N fertilizer replacement value amounted to 79 % for slurry injection compared to less than 56 % for the other slurry application techniques. For soils similar to those in our experiment, Groot et al. (2007) and Schröder et al. (2010) found higher values of apparent N recovery for shallow injection compared to broadcast; Schröder et al. (2010) reported an average N fertilizer replacement value of 60 % for shallow injection.
When only the first cut was considered, apparent N recovery for chemical-synthetic fertilizer was 73 % on average, but only 28-47 % for the slurry treatments with the highest values for slurry injection. In slurry application, apparent N recovery in the first cut increased with increasing N application rate from 31 % in the N160 treatment to 43 % in N320. As all treatments had only received 80 kg N ha −1 before the first cut, this indicates a carry-over effect of autumn application of N to spring: some N had obviously been preserved over winter and added to the N supply when growth started the following year. For broadcast slurry application, Smith et al. (2002) observed a better N recovery in spring from applications made in September and October of the previous year than from earlier applications in June. On top of that, damage to the sward in spring which is likely to have occurred with injection may have further stimulated mineralization processes and added to N supply. When chemical-synthetic N fertilizers and slurries are compared with regard to their effects on plant production and nitrate leaching, gaseous losses should be considered. Generally, the efficiency of N from slurry is likely to be reduced by NH 3 and denitrification, and N 2 O losses following application and transformation processes of organic N in the soil. Volatile losses are greatly influenced by the amount of total ammoniacal N in the slurry, weather conditions, and plant uptake. Flessa et al. (2012) conclude that it is difficult to reduce NH 3 and N 2 O losses at the same time and state the need for a compromise. NH 3 losses increase with temperature and solar radiation whereas N 2 O losses are promoted by finer soil texture, soil compaction, and higher water content. Flessa et al. (2012) report data from Döhler et al. (2002) who found that NH 3 emissions from grassland were 60, 40, and 10 % lower with shallow injection, trailing shoe, and trailing hose, respectively, than in broadcast application. Misselbrook et al. (2002) even recorded reductions of 73, 57, and 26 %, respectively. In a comprehensive review on the subject, Webb et al. (2010) report average reductions in NH 3 emissions compared to broadcast application of 80, 64, and 35 % for injection, trailing shoe, and trailing hose, respectively, but also found Table 3 Apparent N recovery (ANR) and N fertilizer replacement value (NFRV) for four N fertilizer application techniques at three levels of amount of N input (160, 240, and 320 kg N ha −1 year −1 for N160, N240, and N320, respectively; controls at 0 kg N ha large variations in percentage reduction for each of the techniques. It is likely that the positive effects of injection (reduced gaseous losses) have been counteracted by the negative effects of multiple injections per year-in our experimental design the higher the N supply the more often slurry was injected. This may have caused damage to the sward which may have resulted in the nonlinear response to N supply of dry matter yields and N offtake.
3.4 Relationship between soil mineral N content, N surplus, and nitrate leaching Soil mineral N content in autumn was a reasonably good predictor for nitrate leaching (R 2 adj =0.65) (Fig. 2a) . Schröder et al. (2010) found only a weak relationship between residual soil mineral N content and nitrate concentrations in upper groundwater that was not consistent across sites and years (R 2 adj =0 .19). They found that similar soil mineral N content values were related to much higher NO 3 -N concentrations on the dry site than on the wet site. The relationship between soil mineral N content and nitrate leaching for sandy soils reported by Wachendorf et al. (2004) was even stronger at R 2 adj =0.74. Variability may partly be explained by weather effects, late mineralization during autumn and winter, and by the nature of soil mineral N content being sampled at one point in time. The relationship between N surplus (including deposition) and nitrate leaching (Fig. 2b) was not that strong and merely amounted to R 2 adj =0.31. Predictions of nitrate leaching based on effective surpluses (R 2 adj =0.41) were slightly better than those based on simple surpluses (Fig. 2c) . The effective surplus takes account of the fact that only certain portions of slurry total N are directly plant available (slurry total N×N fertilizer replacement value); Schröder et al. 2010 found the effective surplus to be a good indicator for nitrate leaching (R 2 adj =0.86). The rather weak relationships of R 2 adj =0.31 and R 2 adj =0.41 in our experiment reflect that similar surpluses might result in a wide range of values of nitrate leaching. Nitrate leaching depended to a great extent on the amount of rainfall during winter. Schröder et al. (2010) based their findings on 2 years and two sites with relatively small differences in rainfall, while in our 4-year experiment the range in precipitation was much wider, thus weakening the relationship between N surplus and nitrate leaching. Wachendorf et al. (2004) found that nitrate leaching accounted for only 33-40 % of calculated excess in the system which points to the significance of other pathways of N loss in cut grassland. In our investigation the proportion of nitrate leaching of positive N surpluses increased in the order broadcast, sliding shoe, injection, and chemical-synthetic N application and decreased with N application rate. Leaching losses amounted to only 10, 14, and 24 % of positive surpluses (N application − N offtake) at N320 in slurry treatments for broadcast application, sliding shoe, and injection of slurry, respectively.
In our experiments, some of the calculated surplus values, in particular effective surpluses, were negative (Table 4) resulting in relatively small nitrate leaching losses. This may indicate that utilization of slurry N was better than expected from our calculations or that there were additional sources of N for plant uptake. Deposition of atmospheric N in northwest Germany amounts to approximately 30 kg N ha −1 (Table 4) .
Besides, the soil at the experimental site has a certain mineralization potential as the sandy soil had been mixed with overlying peat in the 1970s. The N offtake of on average 86 kg N ha −1 at N0 for the first three experimental years confirms this. On an adjacent maize field with total carbon being more than 4.0 % compared to an average 2.7 % total carbon on the grassland site, regular tillage and probably a slow release of C and N from old organic residues led to consistently good maize yields even with no N input (Kayser et al. 2011) . Productive grassland encompasses large offtakes of N, which in our experiment resulted in N surpluses of less than 50 kg N ha −1 when estimates of gaseous losses were considered. Estimated gaseous losses, NH 3 in particular, were 1, 9, 5, and 3.5 times larger than respective leaching losses for calcium ammonium nitrate and cattle slurry applied broadcast, by sliding shoe, and injection (average of N160-N320) (Table 4) . On sandy soil, NH 3 is likely to account for more than 95 % of gaseous losses. Losses from N 2 O and denitrification are less important but are likely to increase if slurry is injected (Flessa et al. 2012; Webb et al. 2010; Misselbrook et al. 2002) . Including estimates for N 2 O and denitrification of 2, 3, and 5 % for cattle slurry applied broadcast, by sliding shoe, and injection would amount to total gaseous N losses of 50, 25, and 17.5 % of total ammoniacal N, respectively. With regular injection, there is an increasing risk of damage to the sward and soil compaction under unfavorable site conditions (Webb et al. 2010 ). Even after including estimates for volatile losses, values of N unaccounted for appear to be rather high, particularly in those treatments where no N fertilization was applied or where 320 kg N ha −1 were applied (Table 4) . Apart from uncertainty in estimating gaseous losses, higher values for N unaccounted for point at processes in N cycling that are difficult to include in balances (Jarvis 2000) . Nitrogen unaccounted for in plant uptake and leaching is often regarded as being immobilized in the form of organic matter in the soil, stored in roots and stubble or lost via ammonia volatilization or denitrification. The grassland sward at the experimental site had been sown only 3 years before the experiment started and it is likely that some N was still being immobilized during the ongoing development of the sward (Whitehead 1995) . With increasing inputs of slurry, N unaccounted for increased and was 2 to 4.5 times that of N leaching, even when NH 3 losses had been considered. In Kayser et al. (2007) it was shown that a larger input of N in the form of slurry resulted in increased inputs of P and K. We found P balances of +25 kg P ha −1 for N240 slurry treatments (P input of 57 kg ha
) and +42 kg P ha −1 for N320 slurry treatment (P input of 76 kg ha
), but only +6 kg P ha −1 for N320 as chemical synthetic fertilizer (input of 48 kg P ha −1 in mineral form). There was no increase in exchangeable P (double lactate method) for slurry application rates of up to 240 kg N ha −1
. Balances of K for slurry treatments were -19, +59, and +134 kg K ha −1 for N160, N240, and N320, respectively. Exchangeable K in topsoil was almost twice as much in N320 as in N160, and K leaching losses also increased. In agricultural practice in order to prevent large P and K surpluses, slurry is usually combined with the application of (Pape 1995, unpublished report) and values from literature (Misselbrook et al. 2002; Flessa et al. 2012 , and references there)); total atmospheric N deposition: 30 kg N ha −1 (Lower Saxony Ministry 2013); N unaccounted for (1): TN + deposition − N offtake + N leaching; N unaccounted for (2): TN−NH 3 volatilization + deposition − N offtake + N leaching Fertilizer N form Total N input TAN input NH 3 volatilization N leaching N offtake N unaccounted for (1) N unaccounted for (2) [kg ha 
Conclusion
We have shown that on productive cut grassland on an organic-sandy soil differences in nitrate leaching, as well as in dry matter yield and soil mineral N content, were marginal among the different slurry application techniques. Nitrate leaching during winter was generally very low and on average amounted to 5-16 kg N ha −1 and concentrations of 7.7 mg NO 3 -N L −1 for N input up to 320 kg N ha −1
. Our results indicate that the intensive management encompassing high amounts of N fertilizer input and high N offtake resulted in minor N surpluses; calculated values of effective surpluses often were negative. Even after including estimates for volatile losses, values of N unaccounted for appeared to be rather high and for N application rates of more than 240 kg ha −1 in slurry were 2 to 4.5 times that of NO 3 -N leaching losses. However, P and K balances of +25 kg P ha −1 and + 59 kg K ha −1 were calculated for slurry inputs of 240 kg N ha −1
. In agricultural practice in order to prevent large P and K surpluses, slurry is usually combined with the application of chemical-synthetic N fertilizer. A combination of slurry and chemical-synthetic N fertilizer as common practice would probably have improved apparent N recovery and N fertilizer replacement value without having a major impact on N losses from nitrate leaching. Furthermore, when slurry is being applied regularly over a longer period of time, slurry decomposition rates should be considered which may entail higher N fertilizer replacement values.
